Here, we describe an assessment of climate-change vulnerability for the salmon farming sector in southern Chile using a model that combines semi-quantitative measures of Exposure (risks), Sensitivity (economic and social dependence) and Adaptation Capacity (measures that prevent and mitigate impacts). The evaluation was carried out in eight pilot communes representative of salmon production (marine grow-out). Exposure was estimated with a semi-quantitative risk assessment tool based on oceanographic, meteorological and hydrological information, mortality-by-cause databases, and through extended consultation with experts and relevant stakeholders. Threats included relevant changes in water temperature and salinity, declines in dissolved oxygen, occurrence of HABs, and diseases that could be associated with climate change. Based on our analysis of the data, we divided the farming regions into four sub-regions with distinctive oceanographic properties and superimposed the sea surface warming trend and a spatial pattern of mortality by respective cause. Reduction of precipitation and the increase of air and sea surface temperature are the most relevant foreseen climate change drivers, especially for regions X and XI. The resulting vulnerability matrix indicated that communes with higher production concentrations were more exposed, which in some cases coincided with higher sensitivity and lower adaptation capacity. Our models of four management scenarios allowed us to explore the changes in vulnerability associated with a southward movement of salmon production towards the Magallanes region. By identifying new protocols to increase adaptation and reduce vulnerability in a spatially explicit fashion, we provide policy recommendations aimed at increasing climate change adaptation and the long-term sustainability of the sector.
Introduction
Aquaculture, the fastest growing global food sector, must face climatic variability and climate change (De Silva & Soto 2009 )-related risks. Several authors have described potential impacts of climate change on aquaculture and some of the relevant factors, summarized in the last IPCC science report (Handisyde et al. 2017) , including an increase in sea surface and inland water temperatures, a change in precipitation patterns, a change in salinity, oxygen depletion, sea-level rise, and an increase in storminess and extreme weather events. Furthermore, increased concentration of CO2 in the oceans is leading to ocean acidification. These factors could affect aquaculture performance by reducing growth of farmed individuals, enhance pests and diseases exacerbating their impact and increasing their distribution, damage infrastructure, limit access to resources etc. (Bueno & Soto 2017; Dabbadie et al. 2018) . Model-based climate projections under scenarios with increasing concentrations of greenhouse gases consistently predict long-term changes similar to those observed in the last decades (IPCC 2014) .
Aquaculture science and technology can respond to long-term climate-related changes with improved and more adapted species, strains, and production technologies. On the other hand, abrupt environmental disruptions, whose frequency is expected to increase under climate change scenarios (Mitchell et al. 2006) , are most often related to natural climate variability and impose major challenges for adaptive responses.
Chile is the second largest global producer of farmed salmon with a production of over 700 thousand tons and an export value around US$4 billion in 2016. The salmon farming grow-out stage takes place in floating cage farms distributed throughout the Chilean Patagonia inner seas and fjords in the national political regions X, XI and XII (Fig. 1) . Aquaculture activity has created a value chain through direct and indirect employment, demand for services, taxes contribution, etc. Thus, some coastal cities (e.g. Puerto Montt, Castro and Quell on) and communities are strongly dependent on the salmon farming sector. The farming system also produces negative externalities such as environmental impacts (Niklitschek et al. 2013; Urbina 2016; Yatabe et al. 2011; Quiñones et al. this volume) and complex interactions with coastal communities (including artisanal fisheries) mostly due to conflicting demands for the use of coastal space and potential effects on marine resources. Atlantic salmon's optimal temperature range is between 13 to 17°C (De Silva & Soto 2009 ) and increasing sea temperatures could affect performance under farming conditions. Salmon farming as an industry with high technological integration could react to mid-and long term changes but may not be prepared to face sudden or temporary changes in parameters such as surface temperature, salinity or near-surface stratification. The latter, for example, may trigger harmful algal blooms (HAB) or enhance hypoxia events that cause direct mortality or produce conditions that deteriorate performance and health in farmed fish.
The level of social and ecological vulnerability to climate anomalies in this region became evident in the late austral summer of 2016, when the worst ever recorded HAB took place in northern Patagonia (Le on-Muñoz et al. 2018). As a result, the salmon industry lost about 40 thousand tons due to direct mortality and poor growth of fish (Apablaza et al. 2017) . Salmon production in 2016 dropped by about 24% relative to 2014 and some communes lost most of their production (Cl ement et al. 2016) . The unusual HAB was apparently related to a climate anomaly characterized by a marked decrease in freshwater input to Patagonian coastal waters, increased solar radiation and altered hydrobiological setting (Le on-Muñoz et al. 2018). The regional drought was, in turn, caused by the superposition of a strong El Niño event (natural variability) with the effects of anthropogenic climate change (Garreaud 2018) .
Losses in salmon production, employment and local livelihoods revealed that this industry and the associated socioeconomic system are vulnerable to climatic variability and climate change (Bueno & Soto 2017) .
Climate-related anomalies may not only trigger devastating HAB events but also could produce environmental conditions conducive to the proliferation of parasites and diseases (Bueno & Soto 2017) , which are a main concern and cause of economic losses for the salmon industry (Ibieta et al. 2011) . One of the main parasites affecting farmed salmon, the sea lice (Caligus rogercresseyi), performs better in waters with higher temperature and salinity (Amundrud & Murray 2009 ). Similar evidence has been found for the amoeba that causes gill damage to fish and facilitates the onset of disease and coinfections (Oldham et al. 2016) .
Considering the high salmon farming losses in Chile due to HABs and diseases that may be influenced by environmental conditions, it is necessary to understand the vulnerability of this sector under climate change scenarios.
Objectives
The main objective of this contribution is to describe a climate-related vulnerability assessment for the salmon farming sector in southern Chile using a dynamic tool and an approach that identifies key elements that will increase adaptation and reduce vulnerability. As noted before, climate anomalies (e.g. droughts) are relevant since they can lead to environmental disruptions conducive for HABs and parasite/diseases proliferation. Significant climate anomalies most often result from the superposition of natural variability with long-term trends of anthropogenic origin.
Approach
We adapted the IPCC Vulnerability model (Brug ere & De Young 2015; Handisyde et al. 2017) to develop a climate change socioecological vulnerability matrix for the salmon farming sector as a participatory, simple, flexible and dynamic tool. The model involves three components: exposure (E) to climate-related threats leading to loss of farmed biomass; sensitivity (S) which mainly represents the employment and livelihoods dependency and adaptation capacity (AC) which entails relevant measures and conditions allowing local governance units to prevent and mitigate impacts.
The assessment makes use of a participatory process to evaluate vulnerability by combining: scientific information, local environmental monitoring of farms, expert perceptions and experience of relevant stakeholders. We also emphasize the links between the biophysical forcing factors (drivers) and the social, economic and governance consequences at the commune level. A commune or municipality is an artificial oceanographic construct, but they are the smallest political and governance decision-making units in the country, thus linking risks to local decisionmaking while improving stakeholders' understanding and involvement.
The vulnerability assessment was performed for the most representative salmon farming communes in southern Chile within the sea farming geographical range. The analysis considers impacts in the next 20-30 years, a window long enough to encompass significant changes in climate, but within a farm's productive lifespan, so as to provide a current and realistic framework for local stakeholders' discussions and understanding.
Exposure
Exposure was estimated through a semi-quantitative risk assessment of the main climatic variability and climate change-related drivers posing threats to salmon production. To asses risks, we analysed available oceanographic and meteorological information, climate change forecasts models, farmed salmon mortality due to some of the climate-related threats and relevant farming aspects. We also carried out an extended experts consultation (adapting a methodology proposed by Doubleday et al. 2013) to collect available scientific and local knowledge.
We considered the potential direct influence of drivers such as temperature, salinity and oxygen on farmed fish (as threats). Salmon can suffer stress and performance declines with temperatures over 18°C and when oxygen concentration drops below 5 mg L À1 . We also included the Figure 1 Spatial distribution of the communes where salmon farming takes places in the three political regions of southern Chile: Region X (also named "Los Lagos"), Region XI ("Ays en") and Region XII ("Magallanes"). Colours indicate the number of authorized salmon farming concessions in the marine area per commune. Marine farm concessions per commune (No.): 1-51; 51-101; 101-151; 151-201; 201-251; 251-301; 301-351; 351-370. occurrence of HABs, and diseases and parasites as threats respondent to the same drivers, that is, increase temperature may facilitate spread of some disease because the fish immune system is depressed. To understand changes in main drivers, we projected the following climate anomalies: i) air temperature near the ocean surface, ii) precipitation and iii) solar radiation reaching the ocean surface. Estimates were obtained from an updated version of the PRE-CIS atmospheric model that addresses climatic variability in Chile through the XXI Century (Fuenzalida et al. 2006) on a 25 9 25 km 2 grid and with capacity for dynamic downscaling. The climate trends were projected under a scenario with very high GHG emissions, known as A2 (currently known as RCP8.5 scenario).
To better understand current environmental conditions and inform projections of oceanographic changes at local level, we used an information base of 13,000 temperature and salinity depth profiles collected at individual farming sites before and after each productive cycle between 2011 and 2016. This information is collected on each farm through a government-established environmental monitoring programme, periodically compiled by the Fisheries and Aquaculture National Service (SERNAPESCA) to address fish health and biosecurity issues. The total number of farms the programme sampled in the regions X, XI and XII was 338, 410 and 35, respectively. Each farm site was visited at least three times and up to eight times with data distributed evenly across seasons. From this database, we only used information corresponding to 5 m depth in order to minimize issues related to differences in tide level, weather conditions, etc. Such information allowed us to characterize temporal and spatial patterns in temperature, salinity and water density across broad areas of salmon farming sites in southern Chile over a 6-year period. Data were grouped by a hierarchical cluster analysis with R 3.3.0 software https://r-project.org/. Later, maps of density class were generated using QGIS 2.8.1 https://qgis.org.
Additionally, we analysed the spatial structure of sea surface temperature (SST) variability and potential SST trends over the past decade across regions X, XI and XII using satellite-derived data extracted from available MODISAqua imagery. Monthly composite images with spatial resolution of 4 km were obtained from NOAA's ERDDAP platform (http://coastwatch.pfeg.noaa.gov/erddap/) for a region spanning 40-56 S and 71-78 W, and a 15-year window between January 2003 and October 2017. Monthly SST time series were obtained for each pixel in the region with >30% of good data. Later, harmonic analysis based on a least-squares procedure (Emery & Thomson 1998) was used to assess the intensity of seasonal fluctuations in SST at each pixel as the amplitude of the annual harmonic. Finally, a trend analysis was performed on the residuals computed for each pixel as the difference between the monthly time series and the fitted annual harmonic, in order to test whether SST has significantly changed over the past 15 years. For each pixel, significance of the slope from a linear regression model applied to the monthly time series of SST residuals was determined using a = 0.05.
In a risk assessment of this kind, to determine the magnitude of impacts it is critical to understand the role of fish farming conditions in the Chilean salmon industry. A key element of the risk assessment should be the spatial aggregation or concentration of production. Since a higher concentration of farms could facilitate the spread of a parasite or disease and a local HAB event could affect more fish, we estimated average salmon production during the past five production/farming years (2011) (2012) (2013) (2014) (2015) (2016) in areas of "influence" per commune (ton km À2 ). This also allows us to estimate the accumulated nutrient outputs from the activity in order to consider its potential role in exacerbating risks (such as HABs) posed by climatic variability and climate change. Areas of influence were estimated as the marine areas under the "salmon farming concessions grouping" (ACS). These are geographical areas or "neighbourhoods" in each commune where the different farms, due to their nearness, have a common biosecurity management plan determined by the government. For our analysis, it is assumed that these areas concentrated the majority of the farm's environmental impact. In cases where there were overlapping communes within an ACS, the estimation considered the proportional coastal development line per commune.
With the support of SERNAPESCA, we were able to access detailed information regarding fish mortality by main causes during the 2011-2016 period (each farm is mandated to report this information and identify most likely cause). With this information, we grouped mortality per commune according to HABs, hypoxia/anoxia, diseases, and lack of adaptation when fish were transferred to sea. We then estimated mortality per 100 tons of harvested fish at the end of the growing cycle.
To estimate risk, we generated a spreadsheet table with several types of information inputs to guide scoring for the "probability of occurrence of an event with negative consequences for salmon production" per commune (Table 1) . We focused only on the production system, that is the farming structure and fish biomass. The information inputted in the spreadsheet included: what is known on past events and current trends, forecasts for the future, and management aspects that could enhance or magnify the magnitude of impacts (such as spatial concentration of production and poor management practices). A simple scoring system was used to evaluate the available information, future events and magnifying factors, quality of information and to calculate the risk level. These scores made up a semi-quantitative 5 9 5 matrix.
Using this table, a risk level was estimated for each threat (Table 1) using three types of inputs: i) expert judgement, ii) available meteorological and oceanographic information on past events and forecasts of our own analysis (as described above), iii) information on farmed salmon mortality events during the 2011 to 2016 period (as described above). Expert judgement was discussed and agreed upon in four workshops involving research and government institutions, farmers and farmer organizations, and civil society covering the Regions X and XI. For the region XII, we only used available information (ii) and (iii).
The final risk value for each threat was calculated using the most conservative score from the three inputs, which in most cases corresponded to the information provided by input (ii), oceanographic and climatic information and forecasts. Yet there was close agreement among the scores provided by the different inputs.
Since most threats, and therefore risks, are likely responding to the same climatic forcing factors such as air temperature, precipitation and radiation, they may not be independent. Thus, we used the median of all risks to calculate one climate change-related risk value for the farmed salmon production in each commune. We could have considered weighting each different risk; however, given the qualitative nature of the estimate and the existing information gaps we opted not to incorporate risk weighting. Nevertheless, the approach allows this exercise to be repeated in the future and better information could translate into weighting the risks. The final risk values for each commune were rescaled dividing by 25 (i.e. maximum risk value in a 5 9 5 matrix, Table 1 ), resulting in Exposure values fluctuating between 0 and 1 (see Table 3 for more details).
Sensitivity
To estimate Sensitivity, we evaluated direct and indirect salmon farming employment and the sector's contributions to the commune taxes. The socioeconomic information used to prepare the indices was obtained from various government sources including commune information databases (described in Appendix I).
The main indicators used to assess sensitivity were a) share of population dependent on the salmon industry, b) share of direct employment in total commune employment, c) share of indirect employment in total commune employment and d) contribution of the salmon industry to municipal (commune) income through territorial taxes. All four indicators reflect the relation of commune dependence on salmon farming and its sensitivity to possible shocks in the sector. Basically, the commune will be more sensitive to shocks as the following variables increase: (i) share of the total population dependent on salmon farming, (ii) share of direct employment in the salmon farming industry over total employment, (iii) share of indirect employment over total employment and (iv) percentage contribution of the Issues related to information access and relevant gaps in information are identified Probability (P) of negative events occurrence affecting the productive system in the sea (next 20 years)
Uses information described above to decide on a score between 0 and 5, with 5 being the certainty of occurrence Magnitude (M) of impact A function of the concentration of production/biomass (tons/km 2 ) and other farming factors to be scored between 0 and 5, with 5 being a maximum impact, that is, losing all production in the county Risk level = (P 9 M) (later the normalized values provide the value of Exposure) salmon farming industry to the commune's income (leasing payments; a territorial tax). Since official information was not available in all cases, we estimated some numbers through proxies.
Finally, the percentage contribution of salmon farming to the commune's income (through territorial taxes paid by the industry) is a measure of the financial dependency of the local government's income sources to variations in the salmon sector's conditions (for methodological details on the four indicators see Appendix I).
All indicators were constructed such that their values vary between zero (0) and one (1), where a higher value indicates greater sensitivity. The final value of sensitivity per commune can be obtained as a simple or weighted average of the different indicator values.
Adaptation capacity
We selected indicators based on their relevance to the adaptation capacity concept and commune level data availability. All indicators were related to aspects that reflect the commune's capacity to adapt to shocks affecting the salmon sector. The commune's adaptation capacity will increase with (i) the educational standard, (ii) the quality of the population's health care services, (iii) the infrastructure and connectivity indices, (iv) the existing number of alternative economic activities (livelihoods) to salmon farming, (v) the presence of a local emergency response system, (vi) the proportion of working age population affiliated to the national unemployment insurance system, (vii) good management practices at the farm level, (viii) the spatial planning of salmon farms that has been designed and implemented based on risks assessments, (ix) the capacity to activate and coordinate institutions, (x) the capacity to monitor local environmental conditions and (xi) the capacity to efficiently communicate emergencies. We constructed indicators that approximated the actual values of these variables since no official information was available. All indicators were designed such that they are rescaled to vary between zero (0) and one (1). A higher value indicates greater adaptation capacity. The final value of adaptation capacity per commune can be obtained as a simple or weighted average of the different indicator values (see Appendix I for methodological details).
Vulnerability
For the calculation of Vulnerability, we linked estimated Exposure (E) values per commune to Sensitivity (S) and to Adaptation Capacity (AC) according to the formula by Gonz alez et al. (2013) which gives equal weight to each of the three components E, S and AC
Given that access to information and local expertise was not available or possible for all the communes, the final vulnerability assessment was performed for a subset of communes with either the largest salmon production or the highest concentration of production. Since salmon farming is a more recent activity in Region XII, information is scarce, especially for exposure and sensitivity. Therefore, results for this region must be considered as more preliminary than for the other two salmon farming regions.
Results and discussion
Salmon farming spatial patterns Figure 2 shows that the highest biomass of farmed salmon is produced in two communes of Region XI: Puerto Ays en and Puerto Cisnes. However, considering the salmon farming area of influence, the highest concentration of production takes place in Region X, especially in Cocham o. This commune also has had one of the highest levels of production in the past two decades. The distribution of salmon farms has changed through the years, initial industry development occurred in Region X and production (aggregation of farms, large farms, and farming density) concentrated in fjords with strong freshwater influence and in protected sites. As farms grew in size, protected sites became crowded, disease spread, and salmon farms began to appear further south in Region XI and more recently in Region XII (Niklitschek et al. 2013 ). Thus, a large fraction of the current production is in Region XI and future industry growth is expected to transition to the Magallanes Region XII (Fig. 1 ). Despite this outlook, spatial planning of the sector is not based on comprehensive risk assessment (pers. comm.). Although some risk assessments implement biosecurity and disease prevention measures, other factors such as ecosystem carrying capacity, climatic variability and climate change are not yet properly considered.
Current climate and projections for the three salmon farming regions in the next 20-30 years
A weakening of the Southern Hemisphere westerly winds at mid latitudes during the last 3-4 decades has been well documented (Garreaud et al. 2013 ) and attributed to anthropogenic climate change (Gillett & Thompson 2003; Arblaster & Meehl 2006) . This wind change has driven a significant decrease in precipitation and streamflow in northern Patagonia since ca. 1970, a trend which is exacerbated in the summer months (Le on-Muñoz et al. 2018). In contrast, contemporaneous temperature trends in Patagonia are weaker and mostly insignificant (Garreaud et al. 2013) .
Model-based climate projections in Patagonia for the next 2-3 decades are in line with the recent past: marked drying and weak warming. The magnitude of expected changes depends on the GHG scenarios, although the recovery of stratospheric ozone may ease the projections in the next decade (Barnes et al. 2014) . For instance, in the A2 scenario (heavy GHG emissions, quite similar to the currently used RCP8.5) the PRECIS model predicts an average 15% decrease in precipitation and a 0.5°C warming by the end of century compared with current conditions. This is shown in Figure 3 which indicates that the decrease in precipitation will be especially relevant in Regions X and XI (between 44 and 47°S, Fig. 1 ) and during spring and summer. The precipitation reduction implies a commensurate decrease in streamflow volumes.
The climate model projections are designed to inform us of long-term trends but not on abrupt fluctuations that can be forced by the overlap of climate change with natural variability. This was, for instance, the situation in the summer of 2016 when a strong El Niño event further contributed to the long-term drying trend and created an intense drought which lead to the worst recorded HAB in Regions X and XI. We therefore need to address vulnerability to both climatic variability and climate change. ) per commune.
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However, these predictions are limited because we only have projections for the later component and must assume that natural variability (e.g. El Niño events) will continue to function in the future as in the present climate.
Oceanographic conditions of farming areas and relevant climate change-related forcing factors
The hierarchical cluster analysis of temperature, salinity and density at 5 m depth in 783 sites (farms) from 2011 to 2016 depicts four salmon farming geographical areas with distinctive density conditions, with salinity as the most important discriminating factor (Fig. 4) . Figure 5 describes the spatial distribution of density according to the four categories described in Figure 4 . Considering this map and the harvested biomass between 2011 and 2016, it is possible to establish that 32% of salmon production takes place in sites strongly influenced by freshwater, brackish waters and estuaries. The highest concentration of production occurs in brackish waters ( Table 2 ). The sector's expected geographic expansion for the next decades focuses on Region XII and especially in areas with strong freshwater influence. The current climate modelling projections predict minor changes in precipitation for this southern most region (Fig. 3) . The grouping of communes and sub-regions obtained from the analysis of local environmental information (temperature, salinity, density at 5 m depth) and satellitederived fields of SST across the region was consistent with available information and our current understanding of the main patterns of atmospheric and hydrological forcing along Patagonia. Although the spatial resolution of satellite information was not sufficient to completely characterize local regimes of SST variability, it yielded a clear separation of regimes between the northern and southern sections of the Chiloe inner sea and between the inner and exposed shoreline of the Ays en region. Some of the sub-regions where a significant trend of surface warming was detected were consistent with those identified as having the strongest seasonal signal, such as the Reloncav ı sound and Moraleda channel (Fig. 6 ). Expected changes in the pattern of wind forcing and freshwater input along this region are likely to enhance surface warming via a change in local water residence times. Pattern changes will also likely affect other water-quality parameters such as dissolved oxygen and warrant a more detailed study that combines hydrodynamic and biogeochemical modelling. Areas that appear consistently colder and without a significant trend in SST anomalies, such as the western end of the Chacao channel and the coast of Quell on (SE Chiloe), are more likely to retain such conditions. This is because the local regime of SST variability is strongly influenced by tidal currents and their interaction with local bathymetry.
Considering the spatial distribution of temperature, salinity and density described above and other oceanographic conditions such as water exchange and ventilation of fjords and channels, it is possible to identify 4 and 3 distinct geophysical/oceanographic quadrants in regions X and XI, respectively (Fig. 5) . Localities within these areas are more likely to respond in a similar way to common drivers such as temperature changes, freshwater inputs, oceanic influence and ventilation. From changes in SST anomalies and trends in these areas during the past 15 years (Fig. 6) , it is possible to distinguish warming signals in the northern part of the Chilo e inland sea, which possibly affect the communes of Puerto Montt, Cocham o, 3 AE 0.6 1.4 AE 2.5 1.6 AE 3.6 †Area of influence under the "salmon farming concessions grouping" (ACS) or neighbourhood.
and Hualaihu e (Figs 1, 6 ), although there is not sufficient satellite information for the narrow fjord areas. A similar situation is observed in the northern part of Region XI which potentially affects the communes of Cisnes, Guaitecas and Ays en. It is likely that such warming could result from longer water residence times resulting from the concurrent change in freshwater inputs and wind patterns in the region. According to the PRECIS modelling and forecast, the situation described above is likely to continue in the future. The decrease in precipitation (Fig. 3) is of particular relevance to threats such as HABs, hypoxia, parasites, possibly some diseases, and failing adaptation of smolt and juvenile stages to their early marine life.
Indeed, it is likely that HABs will increase at least in the regions X and XI under projected climate change due to decrease of freshwater inputs, a situation that could be exacerbated by overlapping El Niño events. Freshwater input is a main forcing factor in the circulation processes through its influence on the space-time water density gradients which have been shown as triggers of HABs in the area (Le on-Muñoz et al. 2018).
The situation in Region XII (Magallanes) may not follow the same pattern because according to the PRECIS forecast the region is not likely to undergo significant warming or exhibit significant changes in precipitation. Unfortunately, the lack of sufficient in situ information and satellite observations inhibits a better picture of past trends.
The consultation processes conducted with both scientists and local stakeholders revealed that large storms and extreme events were not considered a relevant threat to farms and production. Similarly, considering current scientific information, ocean acidification was not seen as a threat to salmon farming.
Past fish mortality and its relevance to estimate future risks (Fig. 7) . figure) and map of trends in SST anomalies over the past decade across regions X, XI and XII. Only pixels with significant (P < 0.05) slope are shown. White pixels correspond to points where the trend in SST was not significant, whereas black pixels represent points with insufficient or no data available (right figure).
In general, there is greater mortality in communes with a higher concentration of production (Figs 2, 7) . Obviously, if there is a localized HAB in an area of high density production, it will cause greater mortality than in an area with lower concentration of production. Additionally, algal blooms could also be triggered by excess nutrient conditions and areas which have received a higher nutrient load from salmon farming are more likely to facilitate such blooms (Heisler et al. 2008) . For instance, Cocham o has accumulated significantly more salmon production (Fig. 2c) . We could estimate that in the past 9 years about 60 tons of Nitrogen km À2 have been released into this commune (mostly Reloncav ı fjord) considering that between 50 and 60 kg of Nitrogen are deposited in the environment per ton of harvested fish. In this marine environment, Nitrogen is likely the most relevant source for algal blooms (Soto et al. 2007; Niklitschek et al. 2013) . Unfortunately, there is no monitoring of the potential ecosystem impacts of salmon farming activities and therefore, though it is likely, we do not have evidence to prove causality (see Quiñones et al. this volume) . In southern Patagonia (Region XII), there is less evidence to link climatic trends to the appearance and prevalence of HABs and is clearly necessary to better understand the role of local conditions and local variability. HABs of a toxic species Alexandrium catenella have been common in this region. Although not normally a threat to salmon, this dinoflagellate has also become a risk to the activity when bloom densities are high and can damage fish gills.
Other salmon mortality causes are more difficult to link directly to climatic variability and climate change because of the multiplicity of factors involved, including management factors such as concentration of production in the ACSs and salmon density per farm. Regarding sea lice, SER-NAPESCA information used here does not include mortality due to this parasite; even though it is known that sea lice can trigger and facilitate disease. Thus, it is very likely that communes with higher influence of freshwater could be more protected from sea lice and other diseases.
Mortality reported as failure to adapt (Fig. 7) tends to be higher in sites with stronger marine water influence (e.g. Puqueld on, Chonchi, Quinchao, Quell on, Fig. 4 ) and lower in sites that experience stronger freshwater influence. If future climate conditions reduce freshwater inputs, fish adaptation ability when they are transferred to their marine life sites may deteriorate further.
Beyond the potential impact and spread of HABs, there is a gap in the understanding of the multiple causes of fish mortality and production performance as related to climate variability and climate change. Multivariate analysis could better connect environmental variables with management conditions and fish performance, leading to an improved understanding and a better identification of risks. Better integrated monitoring systems are needed for this purpose.
Vulnerability outcome

Risk levels and resulting Exposure
For the evaluation of climate change-related risks to salmon farming, we disregarded two typical threats. Occurrence of extreme weather events was considered a minor threat by most of the expert teams we consulted and by the workshop experts. Bad weather is considered to be a common and normal feature in the region and available information does not suggest that extreme weather events have increased in frequency and or magnitude. Also, there is not enough information nor are there regional or local models to forecast future extreme weather events. Furthermore, the consulted experts and stakeholders considered that, today, the salmon farming industry is more prepared to face extreme weather events than compared to the past (i.e. 20 years ago) when big storms caused frequent fish losses and escapes. The analysis also did not consider weatherrelated threats to other local facilities, such as ports and housing, because we consider the industry to have adapted relatively well to face strong weather events. Nevertheless, this subject deserves further analysis and could be considered as an information gap.
Ocean acidification was also ruled out as a relevant threat to salmon farming. In fact, we suggest that ocean acidification may even be beneficial. Drops in pH may have negative effects on the survival and or performance of sea lice and other potential crustacean parasites but to our knowledge this has not been explored. Finally, sea-level rise was also dismissed as an immediate threat within the next 20 to 30 years to the production sites (considering these to be the main focus of the exposure analysis) because most farms are already positioned off the coast and are adapted to the typical large tides. Table 3 provides detailed information on risk levels including the magnitude of an event (directly related to the concentration of production) and the probability of its occurrence considering different information inputs and the consolidated risk level to estimate exposure (Table 3) . In all communes, the scores provided for the probability of an event by the three types of inputs were closely related. Thus, we used the most conservative values provided by oceanographic, climatological information and forecasts of future climate (sections 4.2 and 4.3 above) for the final estimation of risk (exposure) per commune.
Exposure values are strongly influenced by the concentration of production (most relevant factor for the magnitude scoring in the risk matrix, Table 3 ). In this estimation, we projected production concentration to remain consistent in the near future. Therefore, Cocham o tends to have higher risk values for all threats and Natales has the lowest. If we only look at the scores for the probability of an event, it is possible to reaffirm that communes likely to experience a reduction in freshwater inputs and a subsequent increase in salinity will be more affected, such as Cocham o, Hualaihu e, Ays en and Cisnes. The communes Puerto Montt, Cocham o, Hualaihu e, Ays en and Cisnes are likely to be more strongly affected by increasing sea surface temperatures. Patterns for HABs are also quite similar; Region XII, in this case represented by Natales, seems less likely to be affected by climate change-related threats mainly because an increase in temperatures and a reduction in precipitation are not expected as they are in northern Patagonia. Although in the XII region we do estimate incidence of HABs, there is no evidence to suggest that these could increase in frequency or intensity due to climate change. Yet, as indicated previously, the oceanographic information in this region is still scarce. Therefore, such conclusions are preliminary and must be considered with caution.
Exposure due to climate change-related diseases, also strongly influenced by concentration of production, is highest for Cocham o. Castro is a marine influenced site and also has prominent values. Overall, the consolidated indices of exposure (i.e. considering all threats) for all the communes present Cocham o and Natales as the most and least exposed communes, respectively (Table 3) .
Sensitivity and the role of salmon farming in employment
The communes with lowest sensitivity values were Puerto Montt and Natales (Table 4) . Low sensitivity in these communes stems from their low dependence on salmon farming income and the low levels of indirect employment from salmon farming. However, in the case of Puerto Montt, we believe the figure is underestimated as a consequence of the lack of commune-level data on salmon industry indirect employment. The importance of indirect employment should be especially relevant for Puerto Montt since this commune concentrates most of the service providers for the industry. Thus, it is likely that better data would significantly increase the value for Puerto Montt and possibly for Castro. In the case of Natales, the low sensitivity is driven by a low dependence on both direct and indirect employment from salmon farming. This is not surprising since this is a new sector and other economic activities such as livestock production are dominant.
The communes with the highest sensitivity are Cisnes, Quell on and Chait en. In the case of Cisnes, all four indicators are relatively high, suggesting a strong dependence on salmon farming. As for Quell on and Chait en, the main drivers are a high share of dependency and a high proportion of direct employment. Specifically, in Quell on (and to a lesser extent in Castro) we find an important portion of the post-harvest activities in processing plants. In contrast, the importance of municipal taxes from site licences in these two communes seems to be lower because most of the production processed here comes from other communes in Regions X and XI. Another relevant factor is farming companies often temporarily move workers from their home Table 1 and text for more detail). Thus, the final normalized risk level results from dividing the resulting value by 25. The magnitude scores (M), first row, were fixed for each commune assuming the larger the concentration of the production biomass the greater is the magnitude of the impact. The scoring to evaluate the probability of occurrence of an event was estimated from experts consultation, climatic and oceanographic analysis (past events and forecasts) and as informed by past mortality (in the case of HABs, diseases and hypoxia). The probability of an event score for the calculation of the final risk level (P*M) was calculated with the most conservative score value. towns to work on a farm in a more remote commune. Therefore, sensitivity has a broader geographical scope beyond the communes where salmon farming takes place. This relationship requires further attention and the analysis of better data.
Relevant elements of the Adaptation Capacity
The communes with the highest adaptation capacity scores were Puerto Montt and Natales (Table 5 ). These are the same communes with the lowest sensitivity values and higher values in almost all adaptive capacity indicators (Table 4) . Puerto Montt is the largest city of the three regions and the capital of Region X, hosting a diversity of activities, services and regional offices for many relevant government institutions. Such conditions imply better preparedness to respond to shocks (e.g. existence of a local office of the National Emergency Agency of the Ministry of the Interior and Public Security -ONEMI-, capacity and inter-agency coordination, environmental monitoring services and leading entities on the subject, etc.) and better conditions in the private sector and in households that facilitate shock response (e.g. level of education, health insurance, number of alternative economic activities etc.), The communes with the lowest adaptive capacity are Cisnes and Chait en. These communes were also among those with the highest sensitivity values. It is not one single factor that generates a difference in adaptation capacity, for these two communes several factors contributed to lower measured scores (Table 5) . Thus, the existence of lower adaptation capacity seems to be founded in systematic differences (both in the private and public sectors) affecting these communes.
The number of alternative productive activities to salmon farming is an important measure of the capacity of the commune to respond to changes and shocks in the sector. Among the potential alternatives are: agriculture, livestock, forestry, fishing, other aquaculture activities (e.g. mussel farming, seaweed farming etc.), mining, manufacturing, construction, commerce, hotels and restaurants, transportation and communications, financial services, public services and other services. However, it is important for a commune to have activities that may not be affected by climate change in the same manner that climate change will affect salmon farming. For example, seaweed farming will not be affected by HABs. In general, the diversification of livelihoods has been proposed as one important safetynet against climate change and other shocks that can increase the resilience of coastal communities dependent on natural resources (Ellis 1998; Bueno & Soto 2017 ). Yet, how to plan livelihood diversification with both the private sector and society and to consider social, economic, and environmental costs and benefits, is a great challenge.
To meet different shocks successfully, it is imperative there exists a capacity to monitor and understand the local environment where fish are growing. The higher this capacity, the higher the adaptation ability of the community (Bueno & Soto 2017) . Although salmon farming is a technologically advanced industry and there are numerous monitoring systems and information platforms in Chile (e.g. see www.intesal.cl), the local human capacity to understand changes and be prepared still seems to be limited. According to the indicator used here, the lack of local monitoring and investment in adaptation is especially pronounced in smaller and more remote communes. Puerto Montt, where most salmon farming companies and government institutions have regional headquarters, presents a higher value for this indicator.
One of the adaptation elements relevant for most of the consulted stakeholders was the inter-agency capacity to coordinate prevention and mitigation measures to address climate variability and change impacts. Stakeholders had a consensus, especially in more remote communes, that decisions were made with little local consultation and often management responses, line of command, and communication mechanisms were unclear. A common topic of concern was the variety and diversity of seemingly uncoordinated management responses. The actors we consulted also highlighted that the produced results did not clearly address risk reduction or improve mitigation. For example, the stakeholders identified lack of coordination of relevant research and monitoring to improve understanding of threats. However, the consultation process also produced agreement that the lack of coordination could be a misperception mostly due to the absence of efficient and transparent communication. Globally, the coordination issue is a common theme throughout the governance of the aquaculture sector.
Comparative Vulnerability and how to reduce it Table 6 presents the results for the communal vulnerability indices, calculated according to equation (1). One should recall that the vulnerability index is rescaled, so the absolute value of the figures is not informative. The meaningful value is the relative value of this index. The communes with higher vulnerability are Cocham o, Cisnes and Quell on. In contrast, the communes with lower vulnerability are Natales and Puerto Montt (Table 6 , Fig. 8 ). It is fruitful to discuss where these differences arise. The level of exposure in Puerto Montt, one of the communes with the lowest vulnerability, is the same as in Quell on and Cocham o, two communes with the highest vulnerability values. Thus, high exposure per se does not condition the vulnerability situation of the commune. In this case, the other factors contributing to vulnerability explain the difference in the obtained values. Puerto Montt presents lower sensitivity and higher adaptation capacity in comparison with the more vulnerable communes. However, in Cocham o, the high level of exposure is an important contributing factor to high vulnerability. Moreover, in the case of Natales, low sensitivity and high adaptation capacity contribute to its low vulnerability but another important factor is the low level of exposure. Thus, to assess the vulnerability level of a territory it is critical to perform an analysis that includes the contribution of natural, socioeconomic and governance factors. The focus on only one of these factors might be misleading. To assess the importance of different factors on vulnerability, we performed simulations with the model and created different scenarios based on potential changes in farming management and adaptation capacity indicators 52 †Since we could not obtain enough reliable information to generate a representative score for good management practices at the commune level, we used the median score value for all which does not affect the final AC index. We just keep it here to emphasize its relevance and also because we modify it in the modelling of the VA (Fig. 7) . (Fig. 8) . All scenarios were compared with the baseline scenario, which is the vulnerability estimated in this study. Scenario 1 follows the most likely pattern for future salmon production in Chile, where production decreases in Cocham o (thus reducing Exposure) and increases in Regions XI (Cisnes and Aysen) and XII (Natales), (Fig. 1) . Scenario 2 considers improvements in several adaptation measures such as i) risk-based spatial planning, ii) better environmental monitoring systems, iii) improved interagency coordination and iv) better farm management. Scenario 3 combined the production shift from Scenario 1 with better adaptation measures as in Scenario 2. Finally, Scenario 4 is an optimal scenario where the adaptation capacity improves as described above and farms implement an optimal concentration of production that reduces exposure (equivalent to a score of 3 or less in Table 3) .
Scenario 1 predicts, as expected, an increase in vulnerability in Ays en, Cisnes and Natales and a reduction in vulnerability in Cocham o. We consider the impact as quantitatively important, for instance, Natales leaves its position as the least vulnerable commune. This should be a warning sign to the idea of displacing salmon production southwards, without countervailing measures. Scenario 2 reduces vulnerability in all communes. It is worth mentioning that the effect on Cocham o's vulnerability is similar to the effect of reducing production in the commune (reducing exposure). Scenario 3 for the communes in Regions XI (Aysen and Cisnes) and XII (Natales), demonstrates how improved adaption capacity reduces vulnerability. In this scenario, both higher production and improved adaptation capacity are implemented simultaneously. It is evident that both measures tend to cancel each other out, leaving the vulnerability value basically unchanged. Finally, in Scenario 4 it is not evident that a score of 3 reflects an optimal production concentration. There are some communes with lower vulnerability under other scenarios. Such "optimal concentration" would be about 25 ton km À2 or less but this is only a figure for comparative purposes at the commune level considering that total production will be maintained but with a changed geographical distribution. In reality, the concentration of production should be strictly related to the carrying capacity of the relevant waterbody (fjord, channels, inlets etc.) bearing in mind accumulated production (Table 3) and considering all the risks, including those imposed by climate change. This would require a more detailed analysis at the level of relevant farming areas or farming neighbourhoods within each commune (AguilarManjarrez et al. 2017) .
Conclusion and outlook
Above all, stakeholders consider HABs as the most feared climate-related threat causing mortality in farmed salmon in southern Chile. Studies of recent events in Patagonia have linked HAB occurrence to drought conditions, although increases in temperature and salinity may also contribute to their dispersion. Diseases and hypoxic bouts Figure 8 Salmon farming vulnerability to climate change in the next 20-30 years. BS= Base line situation considering current information and farming conditions. S1 = Considering likely changes in the concentration of production patterns (thus changing exposure) in the next 20-30 years, including a reduction of concentration of production in Cocham o and an increase in Ays en, Cisnes and Natales. S2 = While maintaining exposure values as in BS, there is an improved Capacity of Adaptation by using a maximum index value for; (i) risk-based spatial planning, (ii) better environmental monitoring systems, (iii) improved inter-agency coordination and (iv) better management of farms. S3 = Changes in the concentration of production (as in S1) and improved Capacity of Adaptation, and S4 = Improved capacity of adaptation as described for S3 above plus using an optimal concentration of production (equivalent to a score of 3 or less in Table 3 ). ( ) BS; ( ) S1; ( ) S2; ( ) S3; ( ) S4.
are also major threats influenced by local climate and ocean conditions. Clearly, more information on such links will improve vulnerability assessments and should contribute to vulnerability reduction. The projected decline in precipitation over the X and XI regions during the rest of the 21st century will result in a drop in freshwater inputs to fjords and channels where salmon farming takes place. Within those regions, the most vulnerable communes are those with higher production densities and those with a stronger economic dependence on the aquaculture sector. Contrary to the other regions, climate projections for the XII region indicate a slight increase in precipitation and minor warming, resulting in weaker impacts for salmon farming. Yet, we know comparatively much less about oceanographic and local climate conditions for this region. Overall, it is clear that in order to reduce vulnerability specific actions and measures are needed, such as reducing the concentration of production per commune. Since this measure could also reduce the commune's income from salmon farming taxes, it is important to consider diversification of livelihoods and development options.
Among the adaptation capacity indicators, elements which stand out as key to reduce vulnerability include the existence of transparent, accessible monitoring and early warning systems, and risk-based aquaculture zoning and management considering spread of diseases and parasites.
We emphasize here the methodological approach used to assess vulnerability of salmon farming that relies on the availability of information and the best guesses and opinions of expert's on future scenarios. Without the information about mortality and environmental variability (e.g. temperature, salinity) collected by the farms, it would have been difficult to understand the current situation and to estimate plausible future scenarios. Therefore, we underscore the value of such information and only hope its collection, interpretation and availability will be improved.
The methodology (Table 1 ) and the matrix described in Table 3 allow us to repeat the exercise as often as needed; it would be desirable to do this within the next 5 years with improved information. It would also be useful to perform the risk assessment at the level of each commune's relevant water bodies in order to produce a more representative exposure value. Obviously, there is a need to better integrate oceanographic information and modelling at local scales, this information should significantly improve our capacity to understand the current situation, the main drivers and the potential future changes.
By integrating fisheries and aquaculture information, our methodology can also be used to address coastal communities' vulnerability. The oceanographic characterization of the areas as well as the analysis of the SST trends and forecast could be useful to address changes in fisheries.
In order to conduct future studies of this nature, the social and economic information base must be improved. At this moment, data availability limits the possibilities to estimate sensitivity at the commune level. Employment is a natural indicator, but the impact of the salmon industry on employment should be expanded beyond direct employment (i.e. jobs generated in the salmon industry) and encompass indirect employment generated by economic activities linked to the salmon industry. Moreover, salmon farming dependency can be experienced by the population beyond the commune limits. We do not possess information about how these effects are spread territorially. Improving these generalizations would allow for more precise sensitivity measures.
Finally, we highlight that the process to build a vulnerability assessment could be as important or more important than the results because it allows different stakeholders and disciplines to converse and attempts to understand the links between biophysical and socioeconomic components. Such a multi-stakeholder process also creates ownership of the results and a broad awareness of their implications.
Estimation of adaptation capacity indicators
To measure the "educational standard", we used the percentage of non-municipal enrolment in secondary school of the total communal enrolment. This represents the percentage of households that allocate part of their income to education. It is assumed that households will pay for education if the educational standards are higher than in the municipal (free) school. At the same time, this is a measure of the households' financial capacity. The wealthier households will be in position to make these expenditures. Therefore, the higher the percentage of non-municipal enrolment in secondary school the greater will be the capacity of families to adapt to shocks. The non-municipal enrolment in the total communal enrolment was calculated by subtracting the enrolment of students in municipal establishments of 2016 from total communal enrolment. The information used was obtained from the Ministry of Education's database.
The "quality of the population's health care services" was measured by the percentage of the population that has changed health insurance category (beyond basic insurance in the National Health Fund "FONASA-A"). This represents the percentage of the population that allocates part of their personal income to health care services. Therefore, the higher the percentage of the population not affiliated with FONASA A, the greater will be the capacity of adaptation of the population. The percentage of the population not affiliated to FONASA-A was obtained by subtracting the percentage of affiliates to FONASA-A from the total number of affiliates to the National Health Fund (FONASA). The data used were collected from the Communal Statistical Reports provided by FONASA, which are published in the Library of the National Congress of Chile. Percentage values were written as a portion of 1 to be used as indicators (e.g. 50% = 0.50).
The "access to infrastructure and good connectivity" are factors that affect the capacity to respond to shocks. They are central for communicating and transporting people, goods and services. The greater this capacity the greater will be the capacity to adapt to shocks. We calculated an infrastructure and connectivity index as the percentage of kilometres of gravel roads and/or paved roads with asphalt or concrete over the total number of kilometres of roads in the commune. The information used was obtained from the Report: "Plan director de infraestructura Chile 2000-2010, etapa II" commissioned by the Ministry of Public Works.
The number of "alternative productive activities to salmon farming" was estimated as the number of productive activities alternative to salmon farming over total productive activities. To obtain this information, we asked for alternative economic activities in the communes during the participatory workshops we implemented in the different regions. To sort the different potential activities, we used the International Standard Industrial Classification of economic activities (ISIC) at one digit of disaggregation. The indicator was obtained as the ratio of the number of alternative activities in each commune over the number of total potential options. The potential options were agriculture, livestock, forestry, fishing, other aquaculture activities, mining, manufacturing, construction, commerce, hotels and restaurants, transportation and communications, financial services, public services, and other services.
The "existence of a local emergency response system" obviously increases the commune's capacity to confront and respond to a shock originated in the salmon sector. In the Chilean case, this was measured by the existence of a "National Emergency Information Institution" (ONEMI) office and/or an emergency plan for climate change events at the community level. The presence of any of these increases the adaptation capacity. The indicator was constructed in the following manner: It adopted value of 1 when there was a ONEMI office in the commune and a communal emergency plan existed; a value of 0.75 was given to communes that only had a communal emergency plan; a value of 0.5 was given to communes with an emergency plan mainly focused on natural disasters (earthquakes, volcanic eruptions), and a value of 0 was assigned to communes with neither of these. The information of ONEMI offices and emergency plans was obtained from each commune's web site.
The "proportion of working age population affiliated to the national unemployment insurance system" reflects the social and economic protection that workers in the commune have in case of an unemployment spell. At the same time, it constitutes an indicator of the degree of formalization of the local labour market. The higher the percentage of affiliates, the greater will be the capacity of workers to adapt to a shock on the salmon sector. We measured this variable by the percentage of workers incorporated to the unemployment insurance system at the community level. This indicator was calculated as the percentage of the population aged 20 years or more, affiliated to the unemployment insurance system. This information was provided by the Unemployment Fund Office to the database "Community Reports".
With "good management practices in the farms and productive units", the probabilities of occurrence of catastrophic events might decrease. At the same time, good management practices imply preparedness to meet unexpected negative shocks. To measure this trait, we constructed a Likert scale. The value = 1 when: (i) the management of the production unit follows standards of best practices especially considering farming densities that reduce the environmental and health risks, (ii) it uses food and feeding practices that are considered efficient and that minimize risks, (iii) it minimizes the use of chemicals and other products that can negatively affect fish and the environment, are minimized, and (iv) it possesses, applies, and monitors an effective biosecurity system. For each missing characteristic, 0.25 points were subtracted from the score. This information was also obtained from the participatory workshops performed in different regions.
The "capacity to activate and coordinate institutions" is positively related to the adaptation capacity of the community. To measure this capacity, we calculated the index of capacity and inter-agency coordination to face risks and adaptation measures. This indicator adopted the value of 1 when there was (i) an agency that coordinated the response to catastrophic events at the regional level in collaboration with the "national" authority, based on the interaction and participative decision of the institutions of diverse sectors and communal authorities, (ii) there was a clear, known, and transparent communication and coordination mechanism, and (iii) decisions and actions were as agreed upon and transparent as possible, and considered the objectives of social and economic development with equity and environmental sustainability in the long term. We subtracted 0.33 points to the score for each missing characteristic. This information was also obtained in the participatory workshops performed in different regions.
We constructed a "spatial planning indicator" for the centres that considered climatic, environmental and biosecurity risks. This indicator acquired value = 1 when (i) there existed areas amenable for aquaculture that were assigned considering the health and environmental risks for the industry and the surrounding ecosystem and (ii) salmon farms were located in space so as to minimize environmental and health risks (e.g. with respect to the carrying capacity of the ecosystem), (iii) spatial management considered risk management capacity. One-third of a point (0.33) was subtracted to the score for each of these characteristics that was missing.
For the existence of an effective early warning system, we used an indicator with a value = 1 when: (i) there were monitoring stations for environmental variables that included climatic variability, climate change, and potential risks for fish and other organisms, which contained information on the ecosystems relevant for salmon aquaculture and not only on the individual salmon farms, and whose information was being permanently analysed to provide real-time diagnoses, predictions and early warnings; (ii) there were monitoring systems that involved local actors; and (iii) there were monitoring systems that generated transparent information, accessible, relevant and credible for the relevant local producers and actors. We subtracted 0.33 points from score for each of these characteristics that was missing.
